Millions of children and young adults are exposed to fine particulate matter (PM 2.5 ) and ozone, associated with Alzheimer's disease (AD) risk. Mexico City (MC) children exhibit systemic and brain inflammation, low cerebrospinal fluid (CSF) A␤ 1 -42, breakdown of nasal, olfactory, alveolar-capillary, duodenal, and blood-brain barriers, volumetric and metabolic brain changes, attention and short-term memory deficits, and hallmarks of AD and Parkinson's disease. Airborne iron-rich strongly magnetic combustion-derived nanoparticles (CDNPs) are present in young urbanites' brains. Using transmission electron microscopy, we documented CDNPs in neurons, glia, choroid plexus, and neurovascular units of young MC residents versus matched clean air controls. CDNPs are associated with pathology in mitochondria, endoplasmic reticulum (ER), mitochondria-ER contacts (MERCs), axons,and dendrites. There is a significant difference in size and numbers between spherical CDNPs (>85%) and the angular, euhedral endogenous NPs (<15%). Spherical CDNPs (dogs 21.2 ± 7.1 nm in diameter versus humans 29.1 ± 11.2 nm, p = 0.002) are present in neurons, glia, choroid plexus, endothelium, nasal and olfactory epithelium, and in CSF at significantly higher in numbers in MC residents (p < 0.0001). Degenerated MERCs, abnormal mitochondria, and dilated ER are widespread, and CDNPs in close contact with neurofilaments, glial fibers, and chromatin are a potential source for altered microtubule dynamics, mitochondrial dysfunction, accumulation and aggregation of unfolded proteins, abnormal endosomal systems, altered insulin signaling, calcium homeostasis, apoptotic signaling, autophagy, and epigenetic changes. Highly oxidative, ubiquitous CDNPs constitute a novel path into AD pathogenesis. Exposed children and young adults need early neuroprotection and multidisciplinary prevention efforts to modify the course of AD at early stages.
INTRODUCTION
Increasing epidemiological evidence suggests that exposure to air pollutants plays a major role in the development and/or acceleration of Alzheimer's disease (AD) [1] [2] [3] [4] [5] [6] . Moreover, there are also detrimental cognitive effects and brain metabolic and structural changes in healthy children exposed to air pollutants across the globe [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The effects of air pollutants are also seen at placental level, with the potential to negatively impact fetal development directly or through epigenetic changes [21] [22] [23] . Highly-exposed Mexico City (MC) residents show an early brain imbalance in genes involved in oxidative stress, inflammation, and innate and adaptive immune responses [24] [25] [26] [27] [28] . Dysregulated neuroinflammation, diffuse brain neurovascular unit (NVU) damage, and the accumulation of misfolded proteins within the anatomical distribution observed in the early stages of both AD and Parkinson's disease are seen in MC youth and are absent in clean air controls [24] [25] [26] [27] [28] .
Urban polluted environments and occupational exposures with ubiquitous distribution of high concentrations of ultrafine particulate matter (nanosize particles <100 nm) are of great concern for the central nervous system (CNS) due to their ease to go through biological barriers, including vascular endothelium, epithelia, and the blood-brain barrier (BBB) [29] [30] [31] [32] [33] [34] [35] [36] [37] . Ultrafine particulate matter can increase endothelial paracellular permeability in vitro and induce endothelial tight junctions opening [31] [32] [33] [34] [35] [36] [37] . The NVU is the anatomical substrate of neurovascular interactions characterized by a complex interplay between endothelial cells (ECs), pericytes, astrocytes, microglia, and neurons, responsible for optimal delivery of oxygen and nutrients to the brain [38] [39] [40] [41] . An intact NVU keeps a tightly control environment aimed to preserve the brain from toxins, pathogens, and harmful chemicals. Neurovascular dysfunction is seen in AD, particularly regarding BBB integrity, cerebral blood flow, and glucose transport to the brain [42] [43] [44] . Basic nanoparticle (NP) characteristics such as size, shape, surface charge, chemical composition, surface coating, solubility, surface functionalization, distribution of particles in body fluids, mode of entry, association to host carriers (i.e., red and white blood cells), competition for site receptors, targeted organelles, and cell type will determine cytotoxicity, genotoxicity, and the capacity of particles to exert both short and long term effects on vital organs including the brain [29] [30] [31] [32] .
A good deal of knowledge regarding the journey of potential NPs from environmental sources to the brains of exposed populations comes from data obtained in experimental animals and mostly relate to the efforts from designers of NPs to allow entrance of drugs into the brain [29] [30] [31] [32] [33] [34] [35] [36] [37] [45] [46] [47] [48] . Of utmost interest is the fact that NPs from environmental sources elicit neurodegenerative changes in exposed rodents; oxidative stress is key in their neurotoxicity and combustion-derived NPs are abundant in the brains of urban subjects [31, 34, 48, [49] [50] [51] [52] . Since oxidative stress is an early key factor in the development of AD [53] , abnormal mitochondria are a feature of early AD [54, 55] , and particulate matter (PM) air pollution increases the risk of food dysregulation hormones and impacts the risk of obesity and metabolic syndrome-key factors in AD as well [56] [57] [58] [59] , we argue the organelle location of NPs in brain cells and their associated pathology in young healthy urban residents is of utmost importance. We have one aim for this study: to document the presence of NPs, using transmission electron microscopy (TEM), in brain cells including neurons, glia, choroid plexus (CP), as well the prefrontal cortex NVU, and cerebrospinal fluid (CSF) in a cohort of MC dogs, children, and young adults versus clean air controls [26, 27, 51, 60] . Since the nasal route is also very effective for the transport of particles through the olfactory bulb and the trigeminal nerve, we also explored the nasal and olfactory epithelium, the olfactory bulb, and the trigeminal ganglia as key portal brain sites for NPs. CNS homeostasis is critical at all ages, thus involvement of structures regulating its tightly controlled microenvironment is a serious concern. The BBB, the blood-CSF barrier (BCSFB), the olfactory barrier, and the duodenal barriers are compromised in highly exposed urbanites and NPs are likely playing a major role [61] [62] [63] [64] .
Therefore, since 1) NPs are present in significant amounts in urbanites brains and are powerful inducers of free radicals, 2) oxidative stress is an early finding in the development of AD, and 3) there is a robust association between exposure to air pollutants and dementia, we aimed at identifying the key cells and organelles where the NPs are located in the brains of residents of MC versus clean cities. Moreover, we also explored the location of NPs in brains previously selected for the measurement of combustion-derived iron-rich magnetite particles [51] . Achieving these aims may lead to 1) identification of the brain cells and their targeted organelles containing NPs, 2) identification of the type and potential sources (endogenous versus exogenous) of NPs and their distribution according to portal of entry, 3) documentation of the transport potential mechanisms utilized by NPs in crossing barriers and reaching the brain in young urbanites, and 4) discussion of potential mechanistic avenues involved in the damage of the targeted organelles and brain cells that are conducive to the early development of AD.
Our results identify neuronal, glial, endothelial, choroid plexus epithelia (CPE), and CSF presence of mostly combustion-derived NPs in mitochondria, endoplasmic reticulum (ER), mitochondria-endoplasmic reticulum contacts (MERCs), Golgi, endosomes, axons, and dendrites. The early identification of AD in high risk young individuals and the mechanistic pathways involved in the development of AD in urban polluted environments is at the core of our research efforts. Identifying air pollution components for neural risk trajectories would greatly facilitate multidisciplinary prevention efforts for potentially modifying the course of AD at early stages.
METHODS

Study cities and air quality
Our studies are focused on MC and control small cities in Mexico [17, 51, 57, 60] . The control cities have <75,000 inhabitants and, because of their small size, their levels for the main criteria air pollutants (ozone, particulate matter as PM 10 and PM 2.5 , sulfur dioxide, nitrogen dioxide, and carbon monoxide) are expected to be lower than the current US EPA standards. MC is an example of extreme urban growth and accompanying environmental pollution [65] . The metropolitan area of over 2,000 km 2 lies in an elevated basin 2,200 m above sea level surrounded on three sides by mountain ridges. MC has nearly 24 million inhabitants, over 50,000 industries, and 5.5 million vehicles consuming more than 50 million liters of petroleum fuels per day, producing an estimated annual emission of 2.3 million tons of particulate and gaseous air pollutants. Motor vehicles in MC produce abundant amounts of primary PM 2.5 . For this study, we included MC residents from the northern-industrialized and southern-residential zones. Northern residents have been exposed to higher concentrations of volatile and toxic organic compounds, PM 10 and PM 2.5 including high levels of its constituents: organic and elemental carbon, nitro-and polycyclic aromatic hydrocarbons, and metals (Zn, Cu, Pb, Ti, Mn, Sn, V, Ba), while southern residents have been exposed continuously to significant and prolonged concentrations of ozone, secondary aerosols (NO 3 − ), and PM associated with lipopolysaccharide [17, 51, 57, 60, 65] . The highest concentrations occur in the NE sector where industrial and traffic activities are prevalent, and decreased toward the SW residential area. Chemical PM composition studies in MC have shown that the proportion of the different component PM species has not changed significantly over the years [69] . Typically, the coarse PM (<10 to >2.5 m; PM 10 ) is strongly dominated by geological material (SiO 2 + CO 2 −3 + Al 2 O 3 + Ca+Fe+Mg+K) from dust resuspension, in sharp contrast with organic and carbonaceous aerosols, the dominant species in the PM fine fraction. Particle emissions from gasoline and liquefied petroleum gas combustion are dominated by organic carbonaceous aerosols, while in diesel PM, black carbon is the key component. Organic carbonaceous aerosol species include large alkanes, alkanoic acids, benzoic acids, benzaldehydes, phenols, alkanals, etc. Black carbon concentrations in PM 2.5 have not shown a decrease through the years and are associated with polycyclic aromatic compounds. The most abundant metals in PM 2.5 are Zn, Cu, Pb, Ti, Sn, Ba, Mn, Sb, V, Se, As, Ni, Cd, and Cr in that order. Zn, Cu, Ba, Pb, Pb, and Cd are tracers of road traffic, while V and Ni are tracers of industrial emissions. The magnetic contribution of ferromagnetic grains: saturation magnetic remanence (SIRM) at low temperature (77k), 10 −8 Am 2 /kg on 21 adults and 5 children included in this TEM work are published in Table S1 of Maher et al. [51] . Control subjects have been lifelong residents in low pollution cities [26, 27, 51, 57, 60] .
Dogs and human samples
The dog work described in this research was conducted in accordance with the Code of Ethics involving animal research and the Institutional Animal Care and Use Committees. The INP provided full veterinary daily care of the dogs included in this study. The dogs were housed in outdoor-indoor kennels and husbandry was in compliance with the American Association of Laboratory Animal Certification Standards. All dogs had current vaccination status and underwent daily veterinary observation, regular anti-helmintic treatment, daily clinical examinations, and weekly neurological examinations. Otoscopic examinations were performed by our veterinarians to rule out any disease of the external ear and/or eardrum that could interfere with hearing. The control dogs living in clean-air were whelped and housed in an outdoor-indoor kennel located in the control city. Clean air controls were called CNTL. The MC frontal dog untreated samples used in this work were obtained previously from two independent studies involving the use of Nimesulide ® in mixed beagle dogs and a metal study [66, 67] .
The frontal samples were obtained at autopsy from forensic cases with no identifiable personal data, have been studied elsewhere [25-28, 51, 62] . The CSF samples were taken as part of a hematology protocol and have been studied elsewhere [60] .
The authors assert that all procedures contributing to this work comply with the ethical standards of the institutional guidelines based on the Helsinki Declaration of 1975, as revised in 2008.
Electron microscopy (EM) samples
Blocks of dog tissue were archived in phosphatebuffered saline 0.1 M pH 7.5 with sodium azide at 4 • C prior to processing for EM. We selected brain tissues optimally fixed for EM from 25 healthy dogs. The 15 selected MC dogs, average age 5.1 ± 1.3 y, were exposed 24/7 to the Southwest MC atmosphere from birth. Ten control dogs, average age 3.8 ± 2.2 y, were also studied ( Table 1) .
For the 45 human autopsy cases, we examined the entire autopsy in each subject and ruled out the presence of pathological processes other than the lesions associated with the sudden accidental death. We included 21 adults and 13 MC children, average age 24.85 ± 6.68 y and 12.84 ± 4.7 y, respectively. All of the 21 adults and 5 children (average age 14 ± 6.16) had been examined for iron-rich magnetite [51] . A total of 11 control subjects were also examined, 7 adults and 4 children, average age 24.45 ± 6.43 y and 11.8 ± 5.2 y, respectively. Since the human EM samples were not optimal, we selected representative pictures for this work, but we did not count the NPs. For the human lumbar CSF samples, we included 35 normal control CSF samples (average age 15.34 ± 10.23 y) and 80 MC cases (average age 12.1 ± 4.08 y).
Brain samples were post-fixed in 1% osmium tetraoxide and embedded in Epon. Semi-thin sections (0.5 to 1 m) were cut and stained with toluidine blue for light microscopic examination. Ten blocks from each brain selected region were cut and examined in each case. Each toluidine blue 1 m section was examined under a microscope Carl Zeiss Axioskop 2 Plus equipped with a AxioVision REL 4.8 imaging system. One EM researcher was in charge of identifying the areas to be cut in ultrathin sections. This researcher in charge of cutting and taking pictures was blind to the subject's identification. Ultra-thin sections (60-90 nm) were cut and collected on slot grids previously covered with Formvar membrane. Sections were stained with uranyl acetate and lead citrate, and examined with a JEM-1011 (Japan) microscope. Each electron micrograph was evaluated separately, then compared by group. A USA boardcertified neuropathologist (LCG) without access to the identification codes reviewed the sections and the representative pictures.
We identified the type of cell and captured the ultrastructural characteristics of the cells and their organelles and neurovascular structures. CP sections from lateral ventricles were available for each autopsy and included in the EM studies. One EM researcher with ample brain experience examined all sections at magnifications between 5,000 to 120,000x and took representative pictures. For the purpose of counting NPs in the dog samples, pictures were taken at various magnifications including 60,000 with print magnifications at 85,000 × 7"; 25,000 with print magnifications at 41,600 × 8"; 50,000x with prints 83,300x 8"; 80,000x with prints 117,000x 7" and 80,000x with prints 133,000x 8". The comparison between the counting results of the evaluation of 8 ± 2 pictures per case was assessed for significance with a p test after adjusting for age.
Statistical analysis
We first calculated the mean and standard deviations (SD) of all variables in all locations. Then, we carried out statistical tests for the differences between the measurements of the variables in MC and low pollution controls. We used regression techniques to accomplish this. Then, we performed two sample t-tests for testing the differences between NPs types, numbers and/or diameters in dog and human samples in MC and low pollution controls. We adjusted the p values for age. Statistical analyses were carried out using Excel and R (https://www.r-project.org/).
RESULTS
Air quality data
As described in previous papers, MC residents are exposed year-round to inhalable PM 2.5 concentrations above US National Air Ambient Quality Standards [15, 20] . Both the US EPA PM 2.5 annual air quality standard of 12 g/m 3 and the 24-h standard of 35 g/m 3 have been historically exceeded across the metropolitan area.
Measurement of NPs and quantification in mitochondria, Golgi apparatus, nuclei, and nasal respiratory cilia in dog samples
The range of the spherical NP sizes free in the cytoplasm and inside organelles was 16-36 nm, while the angular, euhedral particles were in the range of 46-63 nm. More than 87% of particles were spherical and the remaining were angular, euhedral particles. Table 1 shows the significant statistical differences in the numbers of NPs between controls and MC dogs in nasal respiratory cilia, mitochondria, nuclei (p < 0.0001), and Golgi apparatus (p = 0.02).
A significant difference in the sizes of CDNPs versus endogenous NPs were recorded in the samples from dog brains ( Table 2 ). The cisterna CSF also showed significant differences in the number of NPs (p < 0.0001) between MC and control dogs ( Table 1 ). The range of the spherical NP sizes in cisterna CSF was 26 to 52 nm, with an average of 43 nm. Angular euhedral particles were absent in CSF.
Measurement of nanoparticles in brain mitochondria, Golgi apparatus, nuclei, basal membranes, and free NPs in cytoplasm in children and young adult samples
The range of the spherical NP sizes free in the cytoplasm and inside organelles was 17-36 nm, while the angular, euhedral particles were in the range of 50-70 nm (Table 3 ). More than 88% of particles were spherical and the remaining were angular, euhedral particles.
Measurement of NPs in CSF human samples
All NPs were spherical particles in the range of 28 to 67 nm with a mean diameter of 50 nm. There was a significant difference in the numbers of NPs between MC and low pollution control residents (p < 0.0001) ( Table 4) . We did not document any angular, euhedral particles in lumbar human CSF. 
Differences between dogs and humans in CDNP sizes in CSF and brain samples
In Table 5A , we showed the comparison in CDNP sizes between dogs and humans CSF samples. There is a significant difference in CDNP sizes between dog and human CSF (p = 0.008); CDNPs from MC residents are larger in humans. In brain tissues, CDNPs are also larger in humans versus dogs in both MC and in controls (Table 5B) . Histograms in Supplementary  Figures 1 and 2 illustrate the differences in NPs in human and dog brain and CSF.
EM of supratentorial endothelium from dogs and young urbanites
Young MC dogs exhibit gray and white matter abnormal small blood vessels with irregular endothelial basement membranes, abnormal NVUs, and intraluminal red blood cells (RBCs) loaded with NPs ( Fig. 1A-C) . NPs are seen lining against the EC luminal surface in a linear fashion (Fig. 1C) . A mixture of spherical and euhedral NPs are seen across abnormal basement membranes (Fig. 1D-F) . NPs are also seen in the EC nucleus in close contact with the chromatin (Fig. 1F) . The luminal RBCs also exhibit NPs. The abluminal side of the blood vessel is devoid of astrocyte feet, and large perivascular spaces with abundant cellular debri are striking (Fig. 1E*, F*) . The three lower pictures in Fig. 1G -I are from human brain samples. Figure 1G is frontal lobe sample from a 14-year-old girl residing in SE MC, a high PM 2.5 polluted MC area. Abundant NPs are seen in the luminal RBCs, the ECs, and the basement membranes. Figure 1H shows a mononuclear luminal white blood cell penetrating the EC in prefrontal white matter. Notice the abnormal blood vessel thick basement membrane. Figure 1I show a blood vessel in the prefrontal cortex of a 24-year-old male with abundant NPs in the luminal RBCs and across the blood vessel wall. This young male had a significant amount of ferromagnetic unstable grains in his frontal cortex sample (14.64 SIRM) [51] . Figure 2D -F show lateral CP samples from a 5-year-old male SW MC dog and a 39-year-old male (17.5 SIRM) [51] . Figure 2D shows the 5-year-old dog CP with short villi and numerous endosomes loaded with PM. On a higher power, Fig. 2E shows numerous spherical NPs in the range of 26 to 52 nm. Figure 2F shows the lateral CP in a 39-year-old male with numerous spherical NPs in abnormal mitochondria.
Frontal neurons from control residents showed intact mitochondria mostly devoid of NPs (Fig. 3A) , in sharp contrast with MC residents showing numerous NPs in abnormal mitochondria (Fig. 3B-J) . Mostly spherical and a few angular, euhedral NPs were seen in abnormal mitochondria of every cell type recorded in the brain. Mitochondrial NPs are seen in abnormal dendrites (Fig. 3B, F , G) and in ECs (Fig. 3I) .
Neurons D-F) . In the same vessel, NPs are also seen in the endothelial cell nucleus in close contact with the chromatin (white arrow heads) and microvesicles are seen in the vessel lumen (mv) (F). The luminal RBC also exhibits NPs (arrow heads). The abluminal side is devoid of astrocyte feet and large perivascular spaces with abundant cellular debri are striking (E*, F*). G is a frontal lobe sample from a 14-year-old girl residing in SE MC, a high PM 2.5 polluted MC area. Abundant NPs are seen in the luminal RBC, the endothelial cell, and BM. H shows a mononuclear luminal white blood cell penetrating the endothelial cell in prefrontal white matter. Notice the abnormally blood vessel thick BM. I shows a blood vessel in the prefrontal cortex of a 24-year-old male with abundant NPs in the luminal RBC and across the blood vessel wall. dog epithelium was characterized by short and abnormal cilia with numerous NPs, along with infiltration of the epithelium by inflammatory cells and abundant NPs packed endosomes (Fig. 8) .
DISCUSSION
This work in healthy young residents in a highlypolluted megacity shows combustion-derived NPs are capable of gaining access to the brain and locating in key cells and organelles, and their association with cellular pathology suggests they are prime suspects for neurotoxicity and cell damage. The ubiquitous presence of iron-rich combustion-derived spherical NPs in human brain samples and the marked contrast in size with angular, euhedral presumably endogenous particles [51] brings attention to the fact that most NPs present in key brain organelles in MC residents are indeed presumably combustionderived NPs. This key observation coincides with the previous measurements of iron-rich spherical magnetite particles in concentrations ranging from 0.2 to 12 g/g in dry brain tissue in MC residents [51] . These high-temperature magnetite nanospheres have strong magnetic behavior and contain transition metals including Ni, Co, and Pt [51] . The widespread presence of magnetite nanospheres in urban environments are likely resulting in the massive NP exposure of millions of people around the world. MC residents with high concentrations of magnetite nanospheres indeed have extensive brain cellular damage seen by TEM. NPs are widespread in neuronal and glia mitochondria, ER, MERCs, and Golgi apparatus, as well as axons and dendrites. The location of NPs in RBCs and mononuclear cells and NPs in CPE and CSF samples along with significant amounts of NPs in nasal and olfactory epithelium, olfactory bulb, and trigeminal ganglia bring up the issue of the importance of portal entries and obligates us to emphasize the pathological similarities between urban exposures and the subcellular effects of controlled experimental NPs exposures [30] [31] [32] [33] [34] [35] [36] [37] [45] [46] [47] [48] [49] [50] [51] [52] .
A key question is how the NPs go from the environment to the young urbanites' brains?
There is evidence in both dogs and humans of the presence of transcytosis in the transport of NPs from the luminal endothelial surface to the subluminal endothelium, basement membranes, and the neuropil. Both adsorptive-mediated transcytosis and the receptor-mediated transcytosis could be at play [70] . The presence of these two transportation mechanisms is critical for metal NPs [70] . Adsorptive-mediated transcytosis basically depends on the cationic charges of the NPs and the negativity of the sulfated proteoglycans in the plasma membranes [71, 72] . Of utmost importance for urban residents is the fact that receptor-mediated transcytosis plays a role in the transport of endogenous peptides that affect the ingestion of food: leptin, insulin, and pancreatic polypeptide across the BBB [70, 72, 73] . Thus, the saturation of receptors by NPs could jeopardize the movement of key peptides with impairment of brain insulin signaling, an AD hallmark [74] [75] [76] [77] . Meijer et al. showed insulin is internalized by brain microvascular ECs [78] , a pathway potentially subjected to interference by NPs. NP interference of the receptor-mediated transcytosis involving leptin, insulin, etc., is potentially key in normal weight MC children showing high blood leptin concentrations directly associated with their exposures to PM 2.5 [57] .
The role of the RBCs in carrying and transferring NPs
Experimentally, the interaction between RBC and NPs or spherical -particles (-Ps) (0.5 to 3 m) shows the blood flows around the RBCs, transiently carrying suspended NPs in closer proximity to the vessel wall where binding can occur [48, 79] . RBCs are "super-carriers" [80] , can go everywhere, avoiding being trapped in liver and spleen [81] . We have previously described mononuclear cells transmigrating the brain endothelial barrier into the neuropil and the transfer of NPs from intraluminal RBCs to brain ECs, to neuropil mononuclear cells [26] . The practice of using monocytes/macrophages as drug carriers targeted to the brain is common [82, 83] . Since the optimal size for the uptake of NPs is different between ECs and macrophages (an order of magnitude smaller for RBCs), a critical range of PM is likely to be able to enter the brain through different cells and pathways [80, 84, 85] .
Vascular endothelium, an early target of NPs
The vascular endothelium is an important target of NPs as shown by our group and others [26, 28-30, 32-36, 38, 39] . The pathways involved in EC damage may include: 1) the interaction between powerful systemic inflammatory cytokines including tumor necrosis factor-␣ (TNF␣), interleukin 1 beta (IL1␤), and interleukin 6 (IL6) and their respective brain capillary receptors and NVU cells giving rise to an inflammatory cascade [86] [87] [88] ; 2) a number of NODlike receptors are present in endothelial capillary cells and share with interferon-␥, TNF␣, and IL1␤ stimulatory effects on their transcription [89] ; 3) the direct damage of NPs to the EC membranes, organelles, and nuclei. The paper by Nagyőszi et al. [89] clearly demonstrate that NOD-like receptors and inflammasomes can be activated in cerebral endothelial cells, 
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a key factor being the presence of endotoxins in urban NPs [90] .
The loss of EC homeostasis is a trigger for cerebrovascular dysfunction, a common event in AD [91, 92] . The structural alterations of the brain capillaries, might be an early contributor in the pathology of AD through progressive disturbances of capillary flow patterns [93] . In our young urban cohorts, the most frequent morphological alterations in brain supratentorial capillaries include thickness, splitting, and duplication of the basement membranes, abnormal tight junctions, and mitochondria in ECs, and pericytes [26, 27, 61, 62] . The number of pinocytotic vesicles and the disassembly of interendothelial tight junctions is substantially increased in the endothelium of the brain capillaries in MC residents versus age-matched normal controls, likely accounting for increase capillary permeability and NVU dysfunction [61] . The CP is the source of CSF production and the BCSFB is critical to the transport of solute transporters, channels, aquaporins, etc. [94] [95] [96] . We have shown that NP numbers present in CSF is significantly higher in MC residents versus controls, and we also know all of the NPs are spherical and likely combustion-derived. It is very likely that the normal function of the CP could be impaired by NPs and thus, abnormal secretory function and a defective CSF production, along with accumulation of amyloid-␤ (A␤) peptides at the BCSFB, may contribute to complications as those seen in AD patients [95] . The presence of spherical NPs in CP and in CSF of highly exposed individuals puts forward another barrier that is at work for the passage of combustion NPs [94, 95] . Penetration of the BCSFB by NPs, bacteria, viruses, etc., follows different strategies. Transcellular passage or opening of tight junctions, a paracellular mechanism is in place, along with hijacking phagocytic host cells via a Trojan horse strategy [97] . The CP also plays an active role in response to penetration including production of cytokines and chemokines and enabling the recruitment of immune cells [98, 99] . The CPE displays intense vesicular trafficking and secretory activities and the release of extracellular vesicles by the CPE has been put forward as a new mechanism of blood-brain communication [94, 96] . Any disturbance in the release of extracellular vesicles such as during exposures to NPs as in the Feng et al. [100] EM CP study, will result in an alteration of the blood-brain communication. Feng et al. [100] orally administered 20 mg/kg lead acetate or nano-lead to rats and studied their CP. The results showed shorter microvillus of CPE cells, mitochondrion destruction, and partial disconnection in intracellular epithelial junctions [100] . Mitochondrial damage and extensive accumulation of NPs are seen in human CPs and normal CSF samples, thus putting forward the serious concern that the pathology described could be altering blood-brain communication and CSF hydrodynamics [94, 96] .
NPs are likely causing dysfunction of two key barriers in the CNS, the BBB and the BCSFB, and thus the paper by Bergen et al. [101] becomes of utmost importance in the urban polluted scenario. The authors performed a large-scale gene expression analysis and functional annotation of the CPE, which forms the BCSFB, using two groups of freshly frozen CP of 7 human donor brains each with and without AD: Braak stages (0-1) and (5-6). They observed in the AD cases specific cellular changes related to increased oxidative stress and downregulation of the glutathione-mediated detoxification pathway and the urea cycle, concluding there is CPE failure in AD. We fully expect significant differences in CPE from young highly exposed individuals versus clean air controls, long before the full neuropathological picture of AD is in place.
Mitochondria and NPs
The very striking association between abnormal neuronal mitochondria and NPs present among the abnormal cristae and in the mitochondria membranes bring the issue of serious damage to an organelle needed for the high energy neuronal requirements [54, 55] . Reactive oxygen species (ROS) generation representing oxidative stress is key in the mitochondrial effect of NPs, which overcomes the antioxidant ability of the cell and induces mitochondrial dysfunction [102] . In Xie et al. study using human hepatoma cells, the size of the magnetic iron oxide (Fe 3 O 4 ) NPs was key in the type of damage inflicted upon mitochondria. Nine nanometer magnetic iron oxide particles produced ROS generation and the resultant mitochondrial dysfunction and necrosis, while 14 nm particles damaged the plasma membrane and give rise to massive lactate dehydrogenase leakage [102] . Moreover, the authors also showed that agglomerated 9 nm NPs resulted in severe oxidative stress and a combination of necrosis/apoptosis [102] . NPs caused damage to lysosomal and mitochondrial structures at lower concentrations that concentrations producing disruption of plasma membranes [103] . More important, at non-detectable cytotoxic concentrations, the silver NPs persisted inside nucleoli and mitochondria, raising the issue of direct effect to these critical organelles with time [103] . Zinc NPs with expansive industrial applications produce high generation of ROS resulting in high levels of superoxide dismutase, lipid peroxidation, and high expression of antioxidant defense system genes [50] . DNA damage and activation of apoptosis are a key part of the picture [50] . Alterations in the mitochondrial membrane potential result in the permeability transition pore to open, an important irreversible step in apoptosis [104] . We know mitochondrial damage is prominent in the early stages of AD [54, 55] . Defects on axonal transport of mitochondria interfering with their integrity and their transport [54, 55] could be explained by the presence of NPs with high capacity for oxidative stress, as seen in samples from urbanites with high amounts of iron-rich magnetite [51] . We are describing NPs in axonal and dendritic mitochondria in young dogs and in children, and interestingly, when we reviewed their brains, we identify early extensive oxidative DNA damage and molecular evidence of neuroinflammation in the absence of tau and amyloid [26, 27, 67, 68] . The question of unbalanced mitochondria fusion and their relationship with the presence of NPs and the nature of their chemical properties is a question begging to be asked in real life human exposures [55] . Correia et al. posed a very important question: How does faulty mitochondrial trafficking contribute to the neuronal phenotype that characterizes AD pathology? [55] . The question could be expanded to: How does mitochondria loaded with NPs potentially generating high levels of oxidative stress exert their most critical functions: generation of energy for cellular homeostasis, regulation of cellular calcium, cell cycle and cellular death processes such as apoptosis? The answer to this question in the setting of high and sustained exposures to NPs since conception and the abundant pathological, clinical, and brain imaging evidence in young urban residents is: very poorly. Moreover, mitochondria ought to be a target for epigenetic changes in the environmental exposure setting as discussed by Lambertini and Byun [105] . Key to our study is the fact that mitochondria in neurons, glial cells, and ECs are all affected, and expectations in terms of mechanisms in mitochondrial dynamics and specific pathology could result is serious physiological consequences [91, 105] .
Since a key feature of AD is precisely the early TEM mitochondrial changes described nicely by Baloyannis [106] A whole spectrum of oxidative stress and NVU damage similar to the ones described in early AD and in experimental NPs administration, are present in young dogs, children, teens, and young adults residing in MC [15, 24-28, 60-64, 66-68, 98, 99] .
A critical organelle of deep interest in neurotoxicology is included in our analysis: the ER, defined as a large, continuous membrane-bound organelle comprised of functionally and structurally separate domains including the nuclear envelope, peripheral tubular ER, peripheral cisternae, and numerous membrane contact sites at the plasma membrane, mitochondria, Golgi, endosomes, and peroxisomes [107] . ER optimal functioning is vital for cell survival and ER stress results in the accumulation and aggregation of unfolded proteins leading to an unfolded protein response [108] . ER was abnormal in every brain cell examined in MC residents.
The issue of mitochondria-associated membranes defined as specific regions within the ER in close apposition to mitochondria and their role in the regulation of vital cellular functions is of major concern in the NP scenario. Key functions of the MERCs including calcium signaling, mitochondrial shape and motility, mitochondrial tethering, fission and mitochondrial inheritance, lipid synthesis, the import of phosphatidylserine into mitochondria from the ER for decarboxylation to phosphatidylethanolamine, calcium homeostasis, apoptotic signaling, cholesterol esterification, and autophagy [109, 110] are certainly at stake in highly exposed NP individuals. Abnormal MERCs function has been suggested in AD and Hedskog et al. [110] studied ER-mitochondria contacts in human AD brain and related AD mouse and neuronal cell models. The authors found uniform distribution of MERCs in neurons, while upregulated MERC-associated proteins were found in AD brain and A␤PP Swe/Lon mouse model. Interesting, in the A␤PP mouse model, upregulation was observed before the appearance of plaques [110] . Of utmost importance for our young exposed MC populations [110] .
The issue is of extreme importance since MERCs functional domains are involved in Ca 2+ exchange, through the voltage-dependent anion channel (VDAC)-1/glucose-regulated protein 75 (Grp75)/inositol 1,4,5-triphosphate receptor (IP3 R)-1 complex, and regulate energy metabolism [111] . Tubbs et al. [111] validated an approach based on in situ proximity ligation assay to detect and quantify VDAC1/IP3R1 and Grp75/IP3R1 interactions at the MERC interface. The authors demonstrated that MERC integrity is required for insulin signaling and that induction of MERCs prevented palmitateinduced alterations of insulin signaling in HuH7 cells [111] .
Why is this key finding relevant to NPs highly exposed young adults and children? Because the disruption of MERC integrity by any means (NPs, genetic, or pharmacological inhibition of the mitochondrial protein, cyclophilin D, etc.), alters insulin signaling in mouse and human primary hepatocytes. Furthermore, the authors also showed that ER mitochondria interactions are altered in liver of both ob/ob and diet-induced insulin-resistant mice. Collectively, the critical work of Tubbs et al. [111] is pertinent to our exposed populations in that MERC integrity is likely impacting insulin action and resistance in a population already with high risk for diabetes mellitus [112] .
ER stress, abnormal endosomal systems, and altered membrane trafficking in the endosomal system and Golgi apparatus are involved in a number of neurodegenerative diseases [113, 114] , thus NPassociated abnormalities in these critical organelles deserve further investigation in urban residents.
The nasal portal of entry
The nasal portal for the entrance of NPs to the brain is indeed very effective, especially after the development of severe nasal and olfactory barrier damage in individuals exposed to urban air pollution [62, 63, 67, 68, 115] . The nasal mucosa high vascularization, large epithelial surface, the direct contact of environmental toxics with the olfactory epithelium (continuous with the olfactory bulb), and the trigeminal nerve innervating part of the nasal mucosa make the nasal surface a direct NP pathway to the brain. Sintov et al. [70] summarize three pathways involved: 1) axonal transport, 2) transcellular transport across the supporting cells in the olfactory region, and 3) paracellular diffusion between supporting and neural cells, and we could add the trigeminal route directly to the brainstem and the direct systemic endothelial route [62] . There is clear evidence of Ni and V metal-associated PM gradient from olfactory mucosa > olfactory bulb > frontal cortex in urban young dogs going hand in hand with nuclear neuronal NFκB p65, endothelial, glial, and neuronal iNOS, endothelial and glial COX2, and the presence of A␤ 1-42 diffuse plaques, and A␤ in subarachnoid blood vessels, as early as age 11 months in clinically healthy dogs [67] . In the experimental setting, for Fe 2 O 3 NPs instilled intranasally, a size-dependent translocation pattern is the rule [37] . In the work of Wang et al. [37] , 35-50 nm NPs were readily located by TEM in the axons of olfactory neurons and in mitochondria and lysosomes of hippocampus cells in the 40 nm-Fe 2 O 3 exposed mice. Interestingly, for the particles in the olfactory bulb, coating of Fe 2 O 3 with transferrin was described (apotransferrin-Fe 2 O 3 ) [37] . Diesel exhaust nanoparticles are critical in the urban environment and give rise to neuro-inflammation and neuropathology [49] . The rat nasal diesel exhaust nanoparticles exposures result in the production of ROS, apurinic/apyrimidinic sites, pro-inflammatory cytokines, and A␤ , at varying degrees, at different sections of rat brain, in a dose-dependent manner [116] .
Increased chemical stability at a lower pH (5.5) plays a key role for NPs access to the olfactory pathway [117] , and since olfactory bundles are surrounded by meningeal sheets in their path from the nasal mucosa to the olfactory bulb, consideration ought to be given that the meningeal barrier is permeable to NPs (i.e., silver) [118] .
This brings a very important issue for NPs reaching the brain: their capacity to damage specific organelles and using distinct pathways for cellular damage depends not only on size, shape, the chemical nature of the particles, their surface charge, dose, etc., but also its capacity to be coated with a host protein [37, 48, 50, 80] . Xie et al. [102] described the toxicological effects of magnetic iron oxide NPs and concluded that the oxidative stress induced by the elevation of ROS generation and lipid peroxidation and the depletion of superoxide dismutase, glutathione, and catalase activities are proved to be the principal reasons that cause toxicological effects.
The issue of the differences in the size of the CDNPs in dogs versus humans deserves a comment. The dog's brain anatomy is different from humans; their nasal cavities scrubbing PM are certainly very effective and the distance between the olfactory region and the large olfactory bulb likely plays a role in the final deposition of CDNPs in the brain. Studies in beagles using bioconjugated magnetic iron-oxide NPs are useful to assess the canine brain for distribution, dispersion, toxicity, and clearance of NPs [119] . Iron-oxide NPs reach the canine white and gray matter and showed a near complete clearance within 30 days [119] . It is interesting to comment upon a factor that facilitates the transport of iron oxide NPs through cell barriers [120] . Min et al. argue that the rate of iron NP uptake and transport across cell monolayers is enhanced by a pulsed magnetic field and significantly inhibited at low temperature under both constant and pulsed magnetic field conditions, consistent with an active mechanism such as endocytosis, mediating NP transport [120] . Thus, environmental exposures to pulsed magnetic fields and high temperatures could be key factors in the equation to compare transport of iron oxide NPs through cell barriers in dog versus humans.
Looking forward, limitations, and summary
Establishing a causal relationship between the brain oxidative stress, neuroinflammation, the protein folding responses, and the concentrations and chemical characteristics of the combustion-derived NPs is an area of research that needs urgent exploration in human exposures. Equally important in the research agenda in need of characterization relates to the fraction of the PM mass representing ultrafine PM (the NPs) in urban and rural areas. The variability in ambient ultrafine PM is extensive, affected by a myriad of factors, such as vehicular traffic and fixed sources. Understanding how combustionderived NPs interact with brain cells, cause cellular damage, impact organelles differently depending on age, gender, genetics (i.e., APOE 4), and environmental factors (i.e., nutritional status), stimulate signaling cascades, produce neuroinflammation and neurodegeneration is a complex task. Due to the complexity of CDNPs related to the combustion sources, the fact that submicrometer particles may reside in atmosphere for weeks, penetrate in indoor environments, and be long-range transported, we will need comprehensive approaches to understand not only the mechanisms involved in cellular damage, cellular uptake, bio-distribution, biological activity, neural and systemic toxicity, epigenetic changes, but also the dynamics of impacted cellular proteins, ROSmediated mitochondrial dysfunction, DNA damage, and apoptosis.
Future work should be carefully directed to characterize differential cellular responses to varied sources of CDNPs and clearly define the importance of the accumulation of highly magnetically unstable iron-rich NPs in key organelles and their ultimate consequences of the potential dynamical reorientation of the CDNPs in the direction of external magnetic fields. The issue of metal NPs and magnetic hyperthermia, altered microtubule dynamics and signaling networks, and changes in spatial self-organization inside a cell environment compromising normal CNS functions cannot be ignored [121] [122] [123] [124] .
Correia et al. [55] have discussed the early stages of AD are marked by defects on axonal transport of mitochondria and that the identification of molecular "roadblocks" underlying the abnormal axonal transport of mitochondria are key for synaptic "starvation" and neuronal degeneration in AD. The extensive deposition of CDNPs in mitochondria obligates us to explore these potential molecular roadblocks in the context of air pollution.
We acknowledge our main limitation, the establishment of a direct relationship between the presence of CDNPs and the potential neurological, cognitive, and imaging effects in the included individuals, since the autopsy cases were the result of accidental deaths in presumably healthy individuals. However, our ongoing clinical studies in clinically healthy MC young show extensive MRI findings involving white matter lesions, changes in volumes of specific brain areas, MRS changes, and targeted cognitive deficits that go along with neuropathological findings in young MC residents [15-20, 26, 27, 60, 61] .
To sum up, combustion-derived NPs have properties that make them suitable for causing extensive cellular damage, there is significant pathology in key brain cell organelles including mitochondria, MERCs, and ER, NPs are capable of crossing all barriers, they are measured in the brains of young urbanites showing already neuroinflammation, the early hallmarks of AD, and cognitive deficits, particularly serious in overweight female teens carrying an APOE4 allele: the culprit hidden in plain sight in AD development. Authors' disclosures available online (http://j-alz. com/manuscript-disclosures/17-0012r3).
SUPPLEMENTARY MATERIAL
The supplementary material is available in the electronic version of this article: http://dx.doi.org/ 10.3233/JAD-170012.
